POSITIVE end-expiratory pressure (PEEP) ventilation is used in patients with a variety of respiratory syndromes to increase arterial oxygen tension when oxygen therapy alone is ineffective, or in patients who are at risk for oxygen toxicity as a result of prolonged treatment with a markedly elevated fractional inspired oxygen concentration (Kumar et al., 1970; Falke et al., 1972; Suter et al., 1975) . Unfortunately, PEEP is often necessary in patients who are also hemodynamically unstable. Although PEEP is frequently effective in raising the arterial Po 2 , it may reduce the net transport of oxygen to the tissues (Suter et al., 1975) primarily by decreasing cardiac output (Tucker and Murray, 1972; Powers et al., 1973) . Explanations for the decrease in cardiac output have included a decrease in preload (Couraand et al, 1948) , subendocardial ischemia (Lozman et al., 1974) , a humorally mediated decrease in contractility (Grindlinger et al., 1979) , and a reflex depression of cardiac performance resulting from lung hyperinflation (Cassidy et al., 1978) ; however, there is no general agreement as to the cause.
Indeed, there are several questions regarding the hemodynamic effects of PEEP which have not been answered conclusively. First, it is unclear whether the decrease in cardiac output and stroke volume that occurs during PEEP is exclusively the result of a decrease in left ventricular preload, or a combination of the mechanisms previously mentioned. Second, since it is well known that changes in right ventricular pressure and shape may influence left ventricular pressure and shape, it would be important to determine the extent of this interrelationship during PEEP. Finally, since many studies of the hemodynamic effects of PEEP have utilized a model in which the pericardium was removed, or if present, had been incised and resutured, it would be important to know whether the effects of PEEP on left ventricular pressure and dimensions are the same or different with the pericardium intact as they are with the pericardium removed. The present study was undertaken to answer these questions in the open-chest intact canine model in which the effects of changes in intrathoracic pressure were decreased (although the pressure around the heart may not be precisely atmospheric even with the chest open) and the potential influence of external lung pressure on cardiac filling was minimized by separating the lungs from the heart.
Methods

Animal Preparation and Instrumentation
Sixteen mongrel dogs of either sex weighing 28-37 kg were anesthetized with thiamylal sodium (15 VOL. 49, No. 4, OCTOBER 1981 mg/kg, iv) and morphine sulfate (3 mg/kg, sc), intubated, and passively ventilated with a Harvard respirator delivering room air with a tidal volume of 15 ml/kg at a rate of 12 breaths/min. Basal body temperature was maintained within ± 0.5°C with an external heat blanket. A left thoracotomy was performed in the 5th intercostal space; the lungs were gently retracted from the surface of the pericardium and thereafter restrained 1-2 cm from the heart by a nylon net which did not restrict the filling of the retracted lobes. A micromanometertipped pressure transducer (Millar Instruments) was placed into the left ventricle through a 2-to 3-mm slit in the pericardium and a stab wound in the apex. The pericardial slit was closed with 4-0 nylon suture. An identical pressure transducer was placed into the right ventricle through a small opening in the right ventricular wall that had been used to place an ultrasonic dimension crystal into the ventricular septum (as described below). For calibration of the two electronic pressure transducers, a fluid-filled polyvinyl catheter was placed into the aorta from the left carotid artery, and a triplelumen, balloon-tipped, flow-directed thermodilution catheter (Edwards Laboratories) was placed into the right ventricle from the left jugular vein and then into the pulmonary artery in the "wedge" position. Each fluid-filled catheter was connected to a Statham model P23Db strain gauge positioned at the mid-chest level and referenced to atmospheric pressure and the thermodilution catheter was connected to a cardiac output computer (Edwards Laboratories). The electronic pressure transducer in the left ventricle was calibrated in vivo using pulsatile aortic pressure and pulmonary capillary wedge pressure signals recorded simultaneously through the fluid-filled catheters. The right ventricular pressure transducer was calibrated using the pressure signal obtained with the balloontipped catheter in the right ventricular chamber.
A circumferential electromagnetic cuff flowprobe (Carolina Medical Electronics) was placed snugly around the proximal aorta and energized with a Carolina Medical Electronics electromagnetic flowmeter. The electromagnetic flowprobe was calibrated in vivo from cardiac output values obtained simultaneously by thermodilution; values for stroke volume were obtained by dividing cardiac output by the heart rate, and zero flow was verified by briefly occluding the aorta distal to the flowprobe.
Placement of Ultrasonic Crystals
A total of three pairs of ultrasonic crystals were utilized to measure the dimensions of the left ventricular chamber. Two pairs of ultrasonic crystals were placed in the myocardium at the subendocardial level (7-8 mm below the epicardium) for measuring the anterior-to-posterior, and the septal-tofree wall dimensions of the left ventricle. The anterior crystal was positioned 12 to 18 mm lateral to the left anterior descending coronary artery and just below the first large diagonal branch. The posterior crystal was positioned approximately 180°a round the circumference and the lateral crystal midway between them. To do this, the pericardium was left intact as much as possible. The pair of crystals used to measure the anterior-to-posterior dimension, and the crystal in the lateral left ventricular free wall were placed into the myocardium through small slits (5-7 mm in length) in the pericardium and anchored with 4-0 nylon suture so as to allow the pericardium to slip freely over the epicardium at the site of entry. The upper and lower ends of each pericardial slit were sutured to prevent further tearing of the pericardium; this left a 3-to 5-mm aperture at each of the crystal sites.
A fourth crystal was placed into the ventricular septum by the following method. The blood from the superior and inferior venae cavae (which were closed with a Ligature next to their sites of entry into the right atrium) was diverted through large bore (12 mm internal diameter) Tygon tubing to a variable speed roller pump, from which it flowed through similar tubing which passed through the right atrial appendage, across the tricuspid valve, and into the pulmonary artery across the pulmonic valve. Thus, the venous blood bypassed the right ventricle completely. A small slit was made in the pericardium and through the anterior wall of the decompressed right ventricle. An ultrasonic crystal mounted on a coiled spring was turned into the ventricular septum 1-2 cm below the level of the tricuspid ring from the right ventricular aspect of the septum. As previously mentioned, a micromanometer-tipped pressure catheter was placed into the right ventricle through the slit, and the right ventricular wall was closed around it with 3-0 nylon suture. The end of the Tygon tubing was withdrawn from the pulmonary artery to the right atrial appendage, the roller pump was removed from the circuit, and blood was allowed to flow from the venae cavae through the tubing to the right atrium.
Two additional dimension crystals were sutured across the major axis of the heart, one at the endocardial level near the apical dimple (5-7 mm from the insertion site of the pressure transducer) and the other at the endocardial level at the base of the heart in the groove between the left sinus of Valsalva and the left atrium, immediately adjacent to the aortic ring (Fig. 1) .
The ultrasonic crystals (Norland Instruments) were piezoelectric transducers, 3 nun in diameter and resonant in the 800 kHz radial mode. A transittime dimension gauge (Norland Instruments, model NI-202) propagated a burst of ultrasound energy from the transmitting transducer to the receiving transducer. The instrument provided a direct measurement of the transit-time of each ultrasound burst, and generated a proportional analog voltage. The instantaneous distance between the trans- 5 cm/sec) and T = transit time (seconds). Zero suppression allowed the display of small dimensional changes on an expanded scale without affecting the accuracy of calibration. Calibration was accomplished by substituting pulses of precisely known duration in l-fisec increments from an internal crystal controlled pulse generator.
Experimental Measurements
Several hemodynamic variables were measured continuously throughout the experimental protocol. Left and right ventricular pressures were recorded and also electronically amplified for measurement of left (LVEDP) and right (RVEDP) ventricular end-diastolic pressures, respectively. The rate of change of left ventricular pressure (dP/dt) was obtained by electronic differentiation using an operational amplifier connected as a differentiator and having a frequency response of 750 Hz. A triangular wave signal with known rate of change (slope) was substituted for pressure to calibrate dP/dt. From the signals produced by the transit-time dimension gauge, the instantaneous transverse and longitudinal left ventricular dimensions were determined. End-diastole was defined as the point following the "a" wave in the LVEDP that marks the onset of the rapid rise in left ventricular pressure during isovolumic contraction. End-systole was defined as the respective minimum of each of the dimension signals which always coincided with maximum negative dP/dt. The septum-to-free wall dimension signal was also electronically differentiated to obtain the velocity of left ventricular shortening, that is, the rate of change of left ventricular dimension (dD/dt). The velocity signal was calibrated using a triangular wave signal substituted for the dimension in a similar fashion as described for calibration of dP/dt. The velocity of circumferential fiber shortening was approximated by use of a computer program that utilizes a form of Simpson's rule to generate the rate of change of the circumference of an abnormally shaped ellipse ("kidney bean" shape) from measurements of cross-sectional and internal chord dimensions. Percent systolic shortening of any dimension was calculated from the end-diastolic (EDL) and end-systolic (ESL) length using the formula: (EDL-ESL)/EDL x 100%.
All signals were recorded on FM tape using a multi-channel instrumentation recorder (Ampex Corp) so that they could be played back in any combination at a variety of speeds for hard copy.
Experimental Protocol
Effects of PEEP Alone
Arterial blood was drawn for measurement of P02, Pco 2 , and pH twice in a 15-minute period. The experimental protocol was begun when the arterial blood gas and pH values varied <5% over a 15-minute time period. Baseline values for heart rate, LVEDP, LVP, LV dP/dt, RVEDP, RVP, left ventricular dimensions, and aortic flow were recorded at paper speeds of 25 and 100 mm/sec (HewlettPackard, Electronics for Medicine, or Gould Brush). Pressure values were obtained at end-expiration and were the average of five cardiac cycles. Between measurements, all signals were recorded continuously at a paper speed of 0.25 mm/sec.
After baseline values were recorded, each animal was subjected to positive end-expiratory pressure (PEEP), 15 cm H 2 O, for 10 minutes; measured variables then were recorded at the faster paper speeds, and PEEP was discontinued. After the hemodynamic values had returned to baseline (5-7 minutes later), the experiment was repeated and the results of the two experiments were averaged.
Effects of Changes in Right Ventricular Filling during PEEP
After these experiments, the venae cavae then were connected to a fluid reservoir that flowed directly into the right atrium through an adjustable valve (Fig. 1) . The height of the reservoir was adjusted at the beginning of the experiment to produce a right ventricular filling pressure that was the same as that obtained without the reservoir in place and without PEEP. Once all hemodynamic variables were stable for a 5-minute period, the dogs were again subjected to 15 cm H 2 O PEEP for 10 minutes. Then, while PEEP was maintained, the valve on the right atrial reservoir was turned to produce an abrupt decrease in right ventricular filling pressure, and thus produce immediate tran- VOL. 49, No. 4, OCTOBER 1981 septal pressure and geometry-related effects on the left ventricle. We have previously observed that transmitral indocyanine green dye curves are normal for the first 5 beats after systemic venous return is abruptly lowered by clamping one vena cava (Darsee JR, Mikolich JR, unpublished data). Hence, any changes in left ventricular chamber pressure or shape occurring within the first 4 beats after right ventricular filling pressure was suddenly reduced were the result of transeptal effects and not due to a decrease in left ventricular filling volume as would eventually occur once the transittime and capacitance of the pulmonary vascular bed were exceeded.
Effects of the Pericardium during PEEP
The previous experiments had been performed with the pericardium intact. To evaluate the influence of the pericardium upon cardiac dynamics during PEEP, we excised the pericardial sac widely, as far posteriorly and superiorly as possible, and the dogs were again subjected to PEEP for 10 minutes, after which hemodynamic variables were recorded at a faster paper speed (100 mm/sec) for comparison with pre-PEEP values.
Effects of PEEP on Contractility
A large-bore polyvinyl catheter then was placed into the left atrium for rapid infusions of heparinized blood in order to determine whether PEEP had an effect on several indices of contractility, independent of its assumed effects on preload. The dogs then were subjected to PEEP for a 30-second period. The shorter time period was chosen so that left ventricular preload could be altered externally before intrinsic equilibration was complete. Then, over the next 30 seconds, 100 ml of heparinized blood were infused into the left atrium with an infusion pump at an approximate rate of 3.3 ml/sec. After the infusion was completed, the hemodynamic variables were recorded at a faster paper speed (100 mm/sec).
Construction of Starling Curves, EndDiastolic Length-Maximum Velocity Plots, and End-Diastolic Pressure-Length Curves
Starling Curves
Because of the possibility that the shape of the left ventricle might be altered during PEEP from that of an approximate prolate ellipsoid, we did not attempt to calculate the change in end-diastolic volume during PEEP, since the available formulas would not likely yield accurate values. Instead, the average of the three end-diastolic dimensions (septal to free wall, anterior to posterior, and apex to base) was used as an index of preload. Values for Stroke volume were plotted against respective values for the average left ventricular end-diastolic dimension during a 500-ml hemorrhage and reinfusion with institution of PEEP briefly at multiple times during the hemorrhage and reinfusion. One curve was constructed using values obtained with the pericardium intact, and a second using values obtained with the pericardium removed.
Relationship between End-Diastolic Length and Maximum Shortening Velocity
To determine whether any changes that might have occurred in the maximum velocity of shortening of the left ventricular septal-to-free wall dimension represented a change in contractility during PEEP or were primarily a result of altered enddiastolic length, values for maximum left ventricular shortening velocity were plotted against respective values for septal-to-free wall dimension using values obtained during hemorrhage and reinfusion with PEEP instituted briefly, as described previously.
End-Diastolic Pressure-Length Curves
To determine whether left ventricular diastolic compliance was altered during PEEP, values for the average left ventricular end-diastolic dimension (the two cross-sectional dimensions and the major axis dimension) were plotted against respective values for LVEDP using values obtained during hemorrhage and reinfusion with PEEP instituted briefly at several time periods.
Statistical Methods
For comparisons between baseline values and those obtained during PEEP alone, a paired i-test was used (Downie and Heath, 1974) . To compare baseline values with those obtained during PEEP, and with values obtained when either right or left ventricular filling was altered externally, an analysis of variance for repeated measures was used (Winer, 1971) . To compare the Starling curves, end-diastolic length-maximum velocity plots, and end-diastolic pressure-length curves obtained before PEEP with those obtained during PEEP, and for comparison with values obtained with the pericardium removed, curve fitting and correlation analysis were used (Downie and Heath, 1974) . A one-sample ttest was used (a = 0.01) for comparisons between baseline values to allow for multiple comparisons.
Results
Of the 16 dogs entered into the study, all were successfully instrumented and completed all parts of the protocol. There were no significant differences in any of the baseline hemodynamic values among the 16 dogs, for any of the parts of the experimental protocol.
Location of Ultrasonic Crystals
The locations of the ultrasonic dimension crystals at postmortem examination were similar among the 16 dogs. All crystals were within 2 mm of the 31.9 ± 4.0 38.9 ± 5.6 PEEP 18 ±T 106 ± 10 37 ± 9* 8.3 ± 3.5* 4.5 ± 1.8 106 ± 9* 7.2 ± 3.8* 3.0 ± 1.6 27.8 ± 2.6' 32.2 ± 4.0t endocardial surface of the left ventricle; thus the signals generated by them served as accurate indices of chamber dimensions. The crystal in the ventricular septum was within 5 mm of the center of the anterior-posterior length of the septum. That the two minor axis dimensions were approximately perpendicular to each other was verified by the observation that the angle between the two lines connecting opposing crystals was not more than 192° and not less than 168° at postmortem examination.
Effects of PEEP Alone
The effects of 15 cm H 2 0 PEEP on ventricular pressures and left ventricular dimensions with the pericardium intact are summarized in Table 1 . PEEP was associated with a significant decrease in stroke volume, peak aortic flow, and left ventricular systolic pressure, and a significant increase in right ventricular systolic and end-diastolic pressures and left ventricular end-diastolic pressure but no change in heart rate (Fig. 2) . There was also a significant decrease in the septa] to free wall and apex to base left ventricular dimensions, but a significant increase in the anterior to posterior left ventricular dimension (Fig. 3) .
Effects of Changes in Right Ventricular Filling during PEEP
With the flow of blood from the reservoir to the right atrium unimpeded, the hemodynamic effects of PEEP were not significantly different from those obtained when the reservoir was not a part of the circuit (Table 2) . However, when the valve on the reservoir was turned to produce a sudden decrease in flow to the right atrium, there was an abrupt decrease in RVEDP from 8.5 ± 3.1 to 3.8 ± 1.2 mm Hg. The latter value was not significantly different from the baseline value (Table 2 ). The decrease in RVEDP was associated with a significant decrease in LVEDP (7.2 ± 3.1 to 4.4 ± 0.9 mm Hg; P < 0.01) and anterior to posterior left ventricular dimension (32.3 ± 3.9 to 29.5 ± 3.4 mm; P < 0.01), an increase in the septal to free wall dimension (27.6 ± 2.9 to 29.4 ± 3.1 mm; P < 0.05) (Fig. 4) 
FIGURE 3 Left ventricular dimensions prior to the administration of PEEP (baseline) and after 10 minutes of PEEP at 15 cm H 2 O. The septal-to-free wall and apexto-base end-diastolic dimensions decrease while the anterior to posterior end-diastolic dimension increases during PEEP. Abbreviations are the same as in Figure 2. (Aortic flow and left ventricular dimension changes are shown in separate figures because they cannot be measured simultaneously without electronic artifact.)
lar dimension, although the latter increased slightly in some dogs.
Effects of the Pericardium during PEEP
Some of the changes that occurred during PEEP with the pericardium removed were different from those with the pericardium intact (Table 1) . Although there were no significant differences in the PEEP-induced changes in stroke volume, heart rate, right and left ventricular systolic pressures, RVEDP, and apex-to-base left ventricular dimension, the changes in several other variables with PEEP were altered importantly by removing the pericardium (Fig. 5) , Instead of increasing as it did with the pericardium intact, the LVEDP did not change significantly with PEEP with the pericardium removed (from 4.3 ± 2.0 to 4.0 ± 1.9 mm Hg; P -NS). Furthermore, both minor axis dimensions decreased significantly during PEEP, unlike the case with the pericardium intact in which the anterior-to-posterior dimension actually increased. That the decrease in all left ventricular dimensions was associated with no significant change in LVEDP suggests that left ventricular compliance was also affected to a small degree with the pericardium removed.
Effects of PEEP on Contractility
The administration of PEEP with the pericardium removed was associated with a significant decrease in peak left ventricular dP/dt (2680 ± 292 to 2235 ± 287 mm Hg/sec; P < 0.05), the maximum velocity of septal to free wall shortening (66 ± 9 to 54 ± 7 mm/sec; P < 0.05), and the velocity of circumferential fiber shortening (1.48 ± 0.19 to 1.21 ± 0.13 circ/3ec; P<0.05) ( Fig. 6; Table 3 ). However, since these indices are partially dependent on preload, several other indices were calculated which are either normalized for preload or essentially preload independent. There was no significant change in left ventricular dP/dt at a developed pressure of 40 mm Hg, in the percent systolic shortening of either minor axis dimension, or in the maximum velocity of shortening divided by the septal-to-free wall end-diastolic dimension ( Table 3 ), suggesting that the changes in the indices of contractility mentioned previously were probably a result of changes in preload. This hypothesis was strengthened by the return to baseline of all contractile indices after 
FIGURE 4 Effects of changes in right ventricular filling during PEEP. In the three righthand panels, the changes in pressures and dimensions during the first three beats after the valve on the right atrial reservoir was turned to the partially closed position are shown. With the first beat, there is no change from the steady state during PEEP. However, with the second and third beats, the end-diastolic septal-to-free wall dimension and the apex-to-base dimensions increase slightly while the anterior to posterior end-diastolic dimension decreases substantially. These dimensions, however, are all less than the baseline dimensions and primarily represent a change in left ventricular shape after R VEDP was suddenly decreased. Concomitant with these changes in dimensions are decreases in R VEDP and LVEDP by the second beat after the valve is turned.
the infusion of heparinized blood returned the enddiastolic minor axis dimensions to pre-PEEP values ( Fig. 7; and Table 3 ). ume during a 500-ml hemorrhage and reinfusion were utilized to construct a standard Starling curve for each dog. The curves constructed with the pericardium removed were shifted slightly to the right from those with the pericardium intact but were not significantly different. As previously described, values for both variables were also obtained eight additional times during the period of hemorrhage when PEEP was instituted transiently for a 3-minute period. At each point along the Starling curve, the administration of PEEP produced values for stroke volume and average end-diastolic dimension that remained on or near the standard curve, but were always downward and to the left of their respective pre-PEEP values (Fig. 8) . This was true both with the pericardium intact and with the pericardium removed. Thus, at any given end-diastolic dimension, PEEP reduced stroke volume and enddiastolic dimension along each dog's standard Starling curve, suggesting that PEEP decreases preload but not contractility, and that the pericardium did not alter the relationship substantially.
Construction of Starling Curves
Relationship between End-Diastolic Length and Maximum Shortening Velocity
Values obtained during hemorrhage and reinfusion produced a curve for each dog which described the relationship between the maximum left ventricular shortening velocity and the septal-to-free wall left ventricular end-diastolic dimension at a variety VOL. 49, No. 4 of end-diastolic dimensions. Commensurate values obtained during several 3-minute periods of PEEP also fell on the curve but downward and to the left of the pre-PEEP values (Fig. 9) , both with the pericardium intact and with it removed, suggesting that the decrease in this ejection phase index of contractility during PEEP was the result of a change in preload.
End-Diastolic Pressure-Length Curves
The relationship between the average left ventricular end-diastolic dimension and LVEDP during hemorrhage and reinfusion established two diastolic compliance curves, one for the pericardium intact and one for the pericardium removed (Fig. 10) . With the pericardium intact, the administration of PEEP was associated with values that were significantly displaced (P < 0.01 in each dog) from the basic curve in each dog, and were upward and to the left of pre-PEEP values. These observations suggested that, with the pericardium intact, PEEP was associated with a substantial change in left ventricular compliance. The basic diastolic pressure-dimension curve had a more gradual slope with the pericardium removed and did not become steep at greater end-diastolic dimensions as it did with the pericardium intact. Moreover, the administration of PEEP at a variety of end-diastolic dimensions resulted in values that were not significantly displaced from the basic curve, although individual values during PEEP were usually positioned above the basic curve (Fig. 10) .
Discussion
The results of this study suggest that with the pericardium intact, PEEP is associated with a decrease in stroke volume and average left ventricular end-diastolic dimension supporting the hypothesis that PEEP reduces aortic flow by reducing left ventricular preload. In addition, the shape of the left ventricle appears to be altered substantially during PEEP: the apex-to-base dimension and the septal-to-free wall dimension decrease while the anterior-to-posterior dimension actually increases. Since these changes were accompanied by an increase in RVEDP and right ventricular systolic pressure, the movement of the interventricular septum toward the left ventricle and the rise in LVEDP during PEEP represent a reversed Bernheim effect; that is, the increase in right ventricular filling pressure caused an increase in left ventricular filling pressure, despite the apparent decrease in left ven- tricular preload. This was confirmed by the observation that a sudden decrease in RVEDP produced by an abrupt reduction in venous return was associated with a decrease in LVEDP and movement of the septum toward the right ventricle prior to the time when the reduction in venous flow to the right heart would affect pulmonary venous return to the left heart. With the pericardium removed, there appeared to be less ventricular interdependence, since PEEP produced a reduction in all three left ventricular dimensions, and did not cause the septum to be pushed toward the left ventricle as much as with the pericardium intact. The observation that LVEDP did not decrease significantly during Peak LV dP/dt (mm Hg/sec) LV dP/dt at DP« (mm Hg/sec) Maximum velocity of B«ptal-to-free wall shortening (mm/sec) Velocity of circumferential fiber shortening (circ/ sec) Percent shortening of septal-to-free wall dimension (%) Maximum velocity of shortening/septal-to-free wall end-diastolic dimension (sec" PEEP suggests that, at least to some degree, the increased RVEDP is still transferred to the left ventricle through the septum even in the absence of the pericardium. Thus, ventricular interdependence is not solely a result of the two chambers occupying a closed sac with limited space for acute expansion.
That contractility was not significantly changed by PEEP was demonstrated by the lack of change of several contractile indices that are essentially independent of preload. Even those contractile indices which did change with PEEP (peak left ventricular dP/dt and the maximum velocity of minor axis shortening) returned to pre-PEEP .alues after preload (end-diastolic dimensions) returned to baseline following a rapid left atrial infusion. Further evidence that little or no change in left ventricular contractility occurred during PEEP was provided by the observation that the coordinate values for average left ventricular end-diastolic dimension and stroke volume fell on or very near the basic Starling curve in each dog when PEEP was instituted at any end-diastolic dimension. Furthermore, PEEP did not alter the relationship between end-diastolic dimension and shortening velocity at any point along the basic end diastolic length-maximum velocity plot. Finally, the relationship between left ventricular end-diastolic pressure and average end-diastolic dimensions (diastolic compliance) was altered substantially during PEEP with the pericardium intact, but to only a minor degree with the pericardium removed.
Several groups of investigators over the last 30 years have suggested that the decrease in cardiac output that occurs with PEEP ventilation is due to a reduction in venous return (Coumand et al, 1948; Braunwald et al., 1957; Morgan et al., 1966; Kumar et al., 1970; Suter et al., 1975) . Recent studies by other investigators have confirmed this observation (Fewell et al., 1980) , and our own studies suggest that pulmonary venous return to the left heart is decreased by PEEP. Scharf and colleagues (1977) observed that PEEP was associated with an increase in right atrial, pulmonary arterial, and left atrial pressure when measured relative to atmospheric pressure, but increased relative to pleural pressure only when endexpiratory lung volume was allowed to increase. They also suggested that the rise in left atrial pressure (and thus LVEDP) may indicate a degree of left ventricular dysfunction associated with in- creasing end-expiratory lung volume, although they did not suggest a mechanism. The elaboration of a negative inotropic substance by the lung has also been postulated as a possible cause of decreased contractility and cardiac output during PEEP (Liebman et al., 1978; Grindlinger et al., 1979) . However, other investigators have observed that, following the institution of PEEP, changes in right ventricular performance preceded any detectable change in left ventricular performance by 2-3 heart beats, suggesting that the humoral agent, if present, is not the initiating factor (Fewell et al., 1980) . A similar theory was proposed by other investigators who suggested that a reflex depression of ventricular function resulted from hyperinflation of the lung (Glick et al., 1969; Cassidy et al., 1978) . Although this reflex mechanism may influence cardiac function, it was no longer operative after 15-25 seconds in the studies in which it was described. A more recent investigation provided evidence that both right and left ventricular preload are decreased during PEEP (Fewell et al., 1980) . This is in accordance with the results of our study, although the methods used to reach this conclusion were different.
In a study of the changes in canine left ventricular size and configuration with PEEP by Scharf and coworkers, a somewhat different method of measuring left ventricular dimensions yielded results that were different from the results in our study (Scharf et al., 1979) . Using lead markers in the myocardium to study the shape of the heart during cinefluorography, they found that the septalto-free wall dimension actually increased while the anterior-to-posterior dimension decreased during PEEP. The differences in their results may be related to the fact that the pericardium was not left intact; the edges were only loosely approximated after having been incised widely. Furthermore, their studies were performed following closure of a midline sternotomy. The effects of this type of closure on left ventricular dimensions are unknown, but may be partially responsible for the different results. Perhaps most importantly, cardiac output was kept nearly constant with PEEP in the study by Scharf et al., whereas, cardiac output was allowed to change in the present study.
The alteration in left ventricular diastolic compliance during PEEP observed in the present study confirms the observations of Scharf et al. (1979) and of Haynes et al. (1980) who felt that diastolic pressure-volume relations were shifted in the direction of increased stiffness, at least in part resulting from right ventricular dilation and ventricular interdependence. In the present study, when the pericardium was removed, left ventricular diastolic compliance was not altered to the same degree with PEEP. The interdependence of the right and left hearts is well established for the diastolic characteristics of the two chambers (Elzinga et al., 1974) and has recently been elucidated for the systolic function of the two pumps (Elzinga et al., 1980) . As early as 1910, Bernheim postulated that changes in the shape or compliance of the left ventricle could compress the right ventricle, thereby limiting right ventricular performance (Bernheim, 1910) ; the syndrome or effect now bears his name. The opposite situation in which changes in right ventricular shape or compliance affect the function of the left ventricle, is termed the "reversed Bernheim effect."
More recently, investigators quantitatively examined the effect of filling either the left or right ventricle on the distensibility of the opposite ventricle (Taylor et al., 1967) . They found that the magnitude of this influence on the ventricular pressure-volume relation varied directly with the degree of filling of the other ventricle; it was minimal at the normal physiological levels of ventricle filling, but became significant at abnormally elevated enddiastolic volumes or pressures. The capability of right ventricular filling to decrease left ventricular distensibility became apparent at an LVEDP in excess of 4 mm Hg. Their experiments were performed with the chest open and the pericardium removed; it seems likely that the interrelationship they observed would be even more pronounced with the pericardium intact.
The effects of alterations in the diastolic filling pressure of the right ventricle on left ventricular geometry and filling pressure have also been studied in the isolated, supported canine heart (Bemis et al., 1974) . The shape of the left ventricle was studied by placing endocardial radiopaque markers in the ventricular septum, the anterior wall, the posterior wall, and the free wall in a plane perpendicular to the long axis. They found that increments of 5 mm Hg in the RVEDP increased the LVEDP by 2.3 mm Hg, decreased the septum-to-free wall distance by 4.5%, and increased the anterior-to-posterior dimension by 4.4%. They concluded that LVEDP and left ventricular end-diastolic dimensions were significantly related to RVEDP and that left ventricular end-diastolic geometry was increasingly distorted at greater elevations of RVEDP.
From the results of the present study in the openchest dog, it appears that PEEP is associated with a change in left ventricular geometry and an increase in LVEDP with the pericardium intact, resulting from a reversed Bemheim effect from the dilated right ventricle. With the pericardium removed, the relationship is still present but to a much lesser degree. The decrease in left ventricular stroke volume is a result of a PEEP-induced decrease in left ventricular preload, and not to a change in the contractile state of the sarcomeres.
